We studied 14 patients with cardiac tamponade and pulsus paradoxus; 11 were studied after relief of tamponade by pericardiocentesis. Right ventricular diastolic diameter increased during inspiration in each of 12 patients; left ventricular diastolic diameter decreased during inspiration in each of 13. Mitral valve DE amplitude decreased with inspiration in 13 of 14 patients. Mitral valve E-F slope could be measured in eight patients, and was rounded and not measurable in six. Six of the eight showed inspiratory Address for reprints: Noble 0. Fowler, M.D
FEIGENBAUM DEMONSTRATED that echocardiography is a sensitive tool for the recognition of pericardial effusion.' More recently, D'Cruz et al. 2 and Vignola et al. 3 published echocardiographic studies of three and four patients, respectively, who had pericardial effusion with cardiac tamponade. The echocardiograms of these patients showed changes in mitral valve E-F slope and mitral valve diastolic excursion thought to be characteristic of tamponade. In The purposes of this study are the following: 1) to study the echocardiogram in a larger series of patients with tamponade in order to determine the prevalence of the described echocardiographic pattern and to look for other changes not previously described; and 2) to examine the echocardiogram in patients with chronic obstructive airway disease and pulsus paradoxus in order to learn more about the disturbed physiology in that disorder in comparison with cardiac tamponade.
The following study presents the echocardiographic evaluation of 14 patients with cardiac tamponade and two patients with chronic obstructive airway disease. Each of the 16 patients had a paradoxical arterial pulse, defined as an inspiratory decrease of 10 mm Hg or more in systolic arterial pressure. Eleven of the 14 patients with tamponade were studied both before and after relief of tamponade by pericardiocentesis. In addition, we studied 20 patients with large pericardial effusions but without tamponade in order to evaluate the specificity of the echocardiographic pattern.
Methods

Techniques
Echocardiography was performed with a commercially available ultrasonoscope (Smith Kline Instruments, Ekoline decrease in mitral E-F slope. Similar changes were observed in two other patients with pulsus paradoxus who had chronic obstructive airway disease. Twenty patients with large pericardial effusions and no tamponade did not show these changes.
These results suggest inspiratory augmentation of right ventricular filling and inspiratory diminution of left ventricular filling, not only in cardiac tamponade, but in obstructive airway disease associated with pulsus paradoxus. 20 ) interfaced either to a Honeywell 1856 Visicorder strip chart recorder or an Electronics for Medicine DR8 multichannel photographic recorder. A 0.5 inch diameter 2. 25 MHz transducer focused at 7.5 or 10 cm with a repetition rate of 1000 per second was used. The patients were examined in the supine or semierect position. The transducer was positioned in the fourth intercostal space adjacent to the left sternal border and standard sweeps from the aorta to the left ventricle were obtained.
An electrocardiographic lead was recorded in all patients. Instantaneous respiratory waveforms were recorded simultaneously with a tungsten wire respirometer4 in those patients studied with the Electronics for Medicine recorder: 10 patients with cardiac tamponade. Inspiration was indicated in the records of the remaining: patients with a hand marker.
Measurements were made during both inspiration and expiration of the following: right and left ventricular internal diastolic diameter, right and left ventricular internal systolic diameter, DE excursion of the anterior leaflet of the mitral valve (DEA), mitral valve E-F diastolic slope, mitral valve area, aortic valve leaflet motion, aortic diameter, left atrial diameter, and interventricular septal motion.
Left ventricular internal diameter during diastole was measured as follows: with the patient in a supine position, measurements were made at the level of the chordae tendineae from the left side of the interventricular septum to the endocardial surface to the left ventricular posterior wall in diastole as defined by the R wave of the electrocardiographic QRS complex and in systole as defined by the smallest septal-posterior wall endocardial distance. Aorta and left atrial size were determined as follows: All examinations were conducted with the patient in the supine position with the transducer I to 3 cm lateral to the left sternal border in the second, third, fourth, or fifth intercostal space. The transducer was directed in a posterior cephalad and medial direction to record the aorta which was recognized by its characteristic pattern of motion. The transducer was then directed inferolateral to the point at which the aortic valve cusps could be visualized. Some portions of the aortic valve cusp were required in the record as the criteria for measurement of the echogram. This requirement established the level of the echo sound beam. Care was taken not to continue posterior angulation of the transducers to the position in which the motion of the mitral valve replaced the smooth motion of the aortic root. The point of junction of the anterior mitral anulus and posterior aortic anulus was identified. At this point end-diastolic dimensions of the aortic root and systolic dimensions of the left atrium were measured utilizing the reference depth scale generated by the ultrasonoscope. End-diastolic dimensions of the aortic root were measured from the outer edge of the anterior aortic wall echo to the inner edge of the posterior aortic wall echo; sensitivity of the ultrasound apparatus was adjusted to clearly record the individual echoes from the aortic walls. The end-systolic dimension of the left atrium was measured from the strong anterior edge of the posterior atrial wall echo to the anterior edge of the echo common to the posterior aorta and left atrium. 5 Right ventricular measurements were made as follows: Patients were studied in the supine position with the transducer at the left sternal border. Records were made in time motion presentation with the ultrasound beam directed along the course of the left ventricular endocardial surface, the right and left sides of the interventricular septum, the anterior and posterior mitral leaflets, and the endocardial and epicardial surfaces of the left ventricular posterior wall. In these records measurements were made from the RV endocardial surface to the RV side of the septum at end diastole.' Dimension measurements were reported (table 1) only when structures defining that dimension were recorded clearly. Mitral valve E-F diastolic slope was reported in mm/sec only when a single slope could be drawn. Rounded E-F slopes were reported as such. The volume of the pericardial effusion was estimated to be small, moderate, or large according to the presence or absence of anterior effusion in addition to a posterior effusion and the depth of the effusion layer on echocardiogram. A large effusion was defined by the finding of anterior pericardial fluid and at least 1 cm depth of posterior pericardial fluid; a moderate effusion, evidence of pericardial fluid seen posteriorly only and exceeding 1 cm in thickness; and a small effusion, less than 1 cm thickness of posterior pericardial fluid.7'
Clinical Diagnosis and Patient Selection
The clinical diagnosis of cardiac tamponade required all of the following findings: pericardial effusion by echocardiography, elevation of systemic venous pressure, and paradoxical arterial pulse of 10 mm Hg or greater. Following pericardiocentesis there was relief of dyspnea, loss of paradoxical pulse and lowering of systemic venous pressure. Echocardiographic studies were performed in all 14 patients while in tamponade and in all but three patients following pericardiocentesis.
The etiology of the pericardial disease was as follows: metastatic neoplastic disease (five patients), tuberculous pericarditis (three patients), idiopathic pericarditis (two patients), histoplasmic pericarditis (one patient), viral pericarditis (one patient), staphylococcal pericarditis (one patient), and spontaneous bleeding while receiving Coumadin (one patient). Two additional patients with chronic obstructive airway disease were studied by an identical protocol because of the finding of a paradoxical pulse greater than 10 mm Hg. They had elevated systemic venous pressure and dyspnea but no pericardial effusion by echocardiography.
The echocardiographic tracings of an additional group of 20 consecutive patients with large pericardial effusions (as defined above) but without arterial paradoxical pulse were reviewed. We excluded echocardiograms of patients with mitral stenosis, aortic valve disease, idiopathic hyper- trophic subaortic stenosis and chronic obstructive pulmonary disease. We excluded echocardiograms in which measurements could not be made reliably. The selected group served as a control for evaluation of the hypothesis that respiratory changes in echocardiographic measurements during pericardial tamponade could represent phasic swinging and/or rotation of the heart in a large pericardial effusion.
Results
Pulsus Paradoxus and Cardiac Tamponade
Pericardial and Ventricular Dimensions
The pericardial effusion was estimated to be large in 12 patients, moderate in patient LM, and small in patient CS, (table 1) . During tamponade the left ventricular diastolic internal diameter (LVIDd) decreased during inspiration in the 13 patients in whom the measurements could be made reliably. Typical echocardiographic changes are shown in figures I and 2. Figure 2 shows the stability of left ventricular diameter with respiration after relief of tamponade. Measurements QRS complex was 13.7 mm during expiration and 10.4 mm during inspiration. That associated with a large QRS complex was 17.6 mm and 15.0 mm during expiration and inspiration, respectively. This analysis suggests that in a patient with electrical alternans and beat to beat cardiac rotation, the absolute value of mitral valve DEA is in part a function of the position of the heart. Nevertheless, when DEA associated with QRS complexes of like size are analyzed the amplitude can be shown to vary with the phases of respiration independent of rotational effects on QRS amplitude.
Anterior Mitral Leaflet E-F Diastolic Slope
A diastolic slope during inspiration could not be measured in six patients. The slope was constantly changing with a distinctive convex curvature directed anteriorly. The E-F slope was similarly "rounded" in configuration during expiration in four of the same six patients. In eight patients the slope was measurable during both phases of respiration. In six of the eight the slope decreased during inspiration; in two it did not change. The average E-F slope during inspiration was 56.1 mm/sec and during expiration was 92.2 mm/sec. Eleven patients were available for restudy following relief of tamponade. Only one patient (MB) failed to demonstrate improvement in the E-F slope. The slope was normal (> 35 mm/sec)7 in all 11 patients and inspiratory decrease in slope was absent in nine and persisted in two (RW and MB). The "rounded" E-F slope seen in 6 of 14 patients during tamponade may be suggestive of tamponade; it disappeared after pericardiocentesis. The average E-F slope after recovery was 92.6 mm/sec during inspiration and 96.5 mm/sec during expiration (table I) . The increase in inspiratory E-F slope was significant (P < 0.05).
Mitral and Aortic Valves
One patient (MB) demonstrated a pronounced inspiratory delay in opening of the valve. As seen in figure 3 , the second and fifth ALMV complexes occur during inspiration, are monophasic and are delayed. For these two beats, opening of the mitral valve was delayed. During expiration, the valve opened at the expected time immediately following the T wave. There are either three or four cardiac cycles for each complete respiratory cycle. The time of apparent mitral opening varies continuously in relation to each respiratory cycle, its maximum delay occurring in the inspiratory phase of each respiratory cycle. Following pericardiocentesis, respiratory variation in diastolic filling period disappeared ( fig. 4 ). This observation is in keeping with the hypothesis that left ventricular filling is at its lowest point during inspiration.
Aortic opening area was defined as the box-like area bounded by the right and noncoronary aortic leaflets during systole. TIhe aortic systolic area decreased during inspiration in the two patients in whom it could be evaluated ( fig. 5 ). In patient MB respiratory variation in left ventricular ejection time (time from opening to apposition of aortic valve leaflets) was seen. The shortest ejection time occurred during inspiration. Inspiratory decrease in left ventricular stroke volume may be inferred from these findings. After relief of tamponade there was no measurable respiratory change in aortic valve area or ejection time ( fig. 6 ).
Obstructive Airway I)isease with Pulsus Paradoxus
Two patients with chronic obstructive pulmonary disease and no cardiac tamponade demonstrated an inspiratory decrease in LVIDd, an increase of RVIDd ( fig. 7) and an inspiratory decrease in mitral E-F slope and amplitude.
Patients with Large Pericardial Effusions and No Tamponade
These 20 consecutive patients were selected as having both anterior and posterior pericardial effusion on echocardiogram. There was no evidence of tamponade of the heart 5.6 cm)6 in 13 patients, slightly below this range in three, and above it in four patients. The mean right ventricular diastolic diameter in the group without tamponade was 1.9 cm;
this value was 2.2 cm in the tamponade group after peri-cardiocentesis. Mean mitral valve excursion amplitude was 18 0.82 mm in the group without tamponade and 20.6
1.21 mm in the tamponade group after pericardiocentesis. Mean mitral valve E-F slope was 95 ± 7.7 mm/sec in the EXP-; group without tamponade and 92.6 11.3 mm/sec (inspiration) and 96.5 ± 13.14 mm/sec (expiration) in the group of 14 studied after relief of tamponade. In the group without tamponade, mitral valve E-F slope was normal in each patient (> 35 mm/sec) except MS.
Thus, none of the 20 patients without tamponade showed any of the following features found commonly in the tamponade group of 14 patients: diminished mitral valve anterior leaflet DE amplitude; diminished or rounded mitral E-F slope, nor were the following inspiratory changes found in the patients without tamponade: augmentation of RV diameter; diminished anterior mitral leaflet DE amplitude; diminished mitral E-F slope. Expiratory augmentation of LV diameter was also absent in the 20 patients without tamponade. Two of 20 patients showed slight inspiratory augmentation of RVID: I mm in RJ, and 4 mm in FT (table 2) . Thus, with the possible exception of these two, none of these 20 patients showed echocardiographic evidence that inspiration was associated with unusual augmentation of blood flow into the right ventricle, or diminution of flow into the left ventricle. The 14 patients with cardiac tamponade, in contrast, showed one or more echocardiographic signs of this respiratory effect except in one instance (table 1) . Discussion
Our study demonstrated a reduction of anterior mitral leaflet E-F slope in six of eight patients in whom measurements were possible during cardiac tamponade, an observation made by D'Cruz et al.,2 and later by Vignola and associates. 3 Six of eight patients also showed further reduction of the mitral E-F slope on inspiration, as described by D'Cruz et al.2 Three patients showed a rounded E-F slope in both phases of respiration, and two in inspiration only. This finding disappeared after relief of tamponade. This has not been reported previously in this setting, and presumably reflects low mitral diastolic flow. The anterior mitral leaflet DE amplitude was reduced in each of 14 patients whom we studied, and 13 of these demonstrated further inspiratory reduction in this excursion. This observation was also reported by D'Cruz et al. 2 The mitral valve diastolic opening time was visualized in three of our patients; in each this time increased in expiration and decreased in inspiration. In two patients in whom the aortic valve systolic opening area could be evaluated, the area showed an inspiratory decrease. Ventricular diastolic diameters were measurably affected by respiration in 12 of our patients; each showed inspiratory augmentation of the right ventricular diameter and inspiratory decrease of left ventricular diameter. D'Cruz et al.2 also described inspiratory augmentation of right ventricular diameter and inspiratory decrease of left ventricular diameter in two of three patients with cardiac tamponade.
Are these diameter and valvular area, slope, and excursion echocardiographic changes reliable in the presence of large pericardial effusions? It is known that the heart may show anteroposterior and possible rotational motion during large pericardial effusions," and it is possible that the axes of ventricular diameter measurement might change during the respiratory cycle, thus apparently altering ventricular diameters and valvular motion.9 However, our review of echocardiograms in 20 patients with large pericardial effusions, but without tamponade, failed to show similar changes. Nanda et al.10 described apparent systolic motion abnormalities of the mitral and tricuspid valves in a study of nine patients with large pericardial effusions. These abnormalities disappeared upon removal or resolution of the fluid and were apparently due to the effusion alone. However, respiratory variation in ventricular diameters and in mitral valve diastolic slope, excursion, and diastolic orifice were not described. Thus, these changes do not appear to result artefactually from large pericardial effusions alone.
The changes in ventricular diameters seen in 12 of our tamponade patients are consistent with inspiratory aug-957 EKG P,
A.-mentation of right ventricular filling, and inspiratory diminution of left ventricular filling. The concept of inspiratory decrease of left ventricular filling is supported by evidence of decrease in mitral diastolic opening time during inspiration.'5 Mitral diastolic E-F slope is also affected by the rate of left ventricular filling,2' [11] [12] [13] [14] 17 especially during the first third of diastole,16 and indirectly is related to left ventricular compliance. The inspiratory decrease in E-F slope is thus consonant with inspiratory decline in left ventricular filling. Anterior mitral leaflet DE amplitude has been related to left ventricular stroke volume,', "I and its inspiratory decrease is consistent with a fall of left ventricular stroke output in inspiration which is suggested also by the decline of aortic valve systolic opening area during inspiration.
Previously, experimental studies of cardiac tamponade with pulsus paradoxus have shown inspiratory impairment of left ventricular filling20 and inspiratory augmentation of right ventricular filling. 21 22 In man, Shabetai et al. found evidence of inspiratory increase of venous return to the right heart in patients with cardiac tamponade.2' In a study of three patients with cardiac tamponade, Ruskin et al. 24 found an immediate inspiratory fall in left ventricular stroke volume, followed by a later inspiratory augmentation. The latter presumably reflected the effects of inspiratory augmentation of the filling of the right ventricle.
In our echocardiographic study, two patients with chronic obstructive airway disease and pulsus paradoxus demonstrated findings similar to those in cardiac tamponade: with inspiration right ventricular dimensions were increased and left ventricular dimensions, mitral valve excursion amplitude and E-F slope decreased. These observations are consistent with the observations of Ruskin et al. who found an average 25% inspiratory decrease in left ventricular stroke volume in eight patients with airway obstruction."4 Earlier work in experimental animals with airway obstruction had suggested that increased respiratory variations in intrathoracic pressure might account for much of the respiratory swing in systemic blood pressure in acute obstructive airway disease. 25 Lange and Tsagaris26 postulated increased inspiratory storage of blood in the pulmonary vascular bed in obstructive airway disease.
Thus, there appears to be no impairment of right heart filling in patients with the paradoxical pulse of cardiac tamponade. In these echocardiographic studies, one can find no support for the earlier theories that the high pericardial pressure in this condition remained elevated during inspiration despite a fall in vena caval pressure, thus impairing right heart filling.'7 28 Right heart filling during inspiration also seems augmented in obstructive airway disease. It seems clear that left ventricular filling and output are impaired during inspiration when a paradoxical arterial pulse is associated with these conditions. There appears to be a delay in the transmission of the augmented right ventricular output to the left ventricle in each of these settings. Increased right ventricular filling has been thought to raise the intrapericardial pressure, thus impairing left ventricular filling.29 Although this mechanism presumably would apply only to cardiac tamponade, the added possibility of a shift of the interventricular septum to the left when the right heart is overly filled must be considered. In support of this possi-bility, the common finding in our patients with a paradoxical pulse was increased right ventricular diameter and decreased left ventricular diameter during inspiration. In each instance this was caused by a posterior movement of the interventricular septum toward the left ventricle in inspiration.
There are other mechanisms which may contribute to inspiratory fall of arterial blood pressure. Increased storage of blood in the pulmonary circulation during inspiration has been suggested, especially in obstructive airway disease. 24 26 Finally, if the left ventricular diastolic pressure remains higher during inspiration relative to pulmonary venous pressure, then left heart filling must be impaired until the augmented right ventricular output reaches the left ventricle during late inspiration or early expiration.
The paradoxical pulse, then, does not appear to be due to any impairment of right heart filling during inspiration. In fact, right heart filling appears to be increased during inspiration. The reason for the associated impairment of left heart filling remains conjectural.
The clinical recognition of cardiac tamponade is usually not difficult once the diagnosis is considered. Elevated systemic venous pressure, an inspiratory fall of arterial systolic pressure of 10 mm Hg or more (paradoxical pulse), and the echocardiographic demonstration of sizable pericardial effusion are adequate criteria for the diagnosis. Confusion may occur, however, when the patient has cor pulmonale with heart failure producing pericardial effusion, and either obstructive airway disease or pulmonary embolism responsible for a paradoxical pulse. A similar problem may arise when there is cardiogenic shock owing to acute myocardial infarction, or a paradoxical pulse associated with severe heart failure." From the present study, it would appear that cardiac tamponade is unlikely in the presence of normal mitral E-F slope and diastolic excursion, and with no respiratory changes in ventricular dimensions. However, these echocardiographic findings cannot be considered specific for tamponade, and may occur with obstructive airway disease. It is possible that these findings may be absent in tamponade of mild degree, or when there is aortic insufficiency, which alters left ventricular diastolic filling patterns. The respiratory changes in ventricular dimensions described in this study may be normal in children. Meyer and associates found inspiratory augmentation of right ventricular dimensions and inspiratory diminution of left ventricular dimension in the majority of normal children.30 This was not observed in adults without a paradoxical pulse in this present study. Fei.genbaum7 states that the normal differences in left ventricular internal diameter with respiration do not exceed 2 to 3 mm.
